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INTRODUCTION 
The extent of corrosion on the world's bridges, buildings, power line 
towers, and various other outdoor steel structures is a significant problern 
faced by today's infrastructure. For example, in the United States there are 
approximately 576,000 bridges, 41% of which are deemed potentially unsafe 
due to their substandard condition [1]. Corrosion is the major cause of these 
structures being evaluated as inadequate. 
Though a variety of methods are presently being used to detect corrosion 
in metals, not all are suitable for in-situ monitoring of large civil 
structures. The most obvious and established method is direct inspection, 
in which an inspector goes to and physically checks each member of the 
structure, looking for signs of corrosion. However, this technique requires 
much time and manpower, and in many cases the parts of the structure 
needing inspection are remote and dangerous for the investigator to access. 
A non-destructive method in which the presence of corrosion in 
structural steel could be detected remotely would offer obvious benefits 
to inspectors, and could significantly increase public safety and reduce 
inspection and repair costs. One scheme would involve flooding a structure 
with light (probably in the visible or infrared regions), and search for 
indications of corrosion in the backscattered radiation, preferably by 
interrogating the reflected spectrum. Before such a means is developed 
however, preliminary work must be performed to determine if there are 
in fact unique spectral features of corroded metal which could lead to a 
corrosion signature. 
That spectral characteristics could be used to test the surface quality of 
the low-carbon steel was demonstrated by Kessler et. al., who researched 
an on-line inspection process fortheGerman automotive industry [2]. It 
was found that the thickness and composition of the oxide layer on steel 
can be determined by measuring and analyzing the spectral absorption 
ofthe layer. This is done by detecting the intensity ofthe reflected light at 
three different wavelengths by means of a filtering system. From these 
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measurements, a corrosion indexwas established with a high correlation 
to the amount of corrosion on the metal, even under paint. 
The goal of this project was to more fully investigate the spectral 
features of light backscattered from corroded metal, and develop a method 
for processing these features to indicate the presence of corrosion. The next 
section will describe the experimental method used to irradiate a variety of 
metallic surfaces and analyze the return light. In the following section, the 
data and analysis for several corroded and uncorroded specimens will be 
presented. The paper closes with a discussion of the implications which 
can be drawn from this work. 
EXPERIMENTAL METHOD 
Figure 1 shows the experimental set-up assembled to study the spectral 
characteristics of corroded steel samples. AB illustrated, this method 
projects white light onto the surface of the sample, which acts as a 
wavelength sensitive absorption filter. The reflected light passes through a 
monochrometer and is collected by a silicon photodetector. In order to 
increase the signal to noise ratio and allow for ambient lighting, an optical 
chopper and lock-in amplifier were added, as depicted in the figure. 
Before samples could be tested, the system itself needed to be 
characterized; this in turn required that the behavior of each component 
be understood, and that the instrumentation settings be optimized. The 
components that were considered in the calibration were the light source, 
the lenses, the monochrometer, and the photodetector. The synthesis of 
these pieces created an overall system response with respect to wavelength 
having inherent features that need to be accounted for when data is 
gather~d. 
The first component having specific optical characteristics is the Oriel 
6333 Quartz-Tungsten-Halogen white light source. As shown in Figure 2, 
it has an irradiance that originates at approximately 220 nm and 
subsequently rises monotonically to 800 nm [3]. Beyond 800 nm, the source 
emits light of a fairly constant value until approximately 1500 nm, when it 
begins to gradually fall off again. Because this initial work focused on 
roughly the visible region of the electromagnetic spectrum, this plot suffices 
to characterize the source. The light source was maintained at a constant 
10 volts by the lamp's dedicated power source, and consistently provided 
nearly maximum wattage for all the sample runs. 
The next component in the system is a Pyrex BK7 collimating lens, and 
after reflecting from the sample, a similar lens is used to collect the light 
and focus it into the monochrometer. This lens material has a nearly 
constant 96% transmission Ievel throughout the range between the cutoff 
wavelengths of around 300 nm and 1200 nm [ 4]. A plot of the spectral 
transmission of BK7 is also shown in Figure 2. 
Following the lenses the light enters the monochrometer. In order 
to couple as much of the light reflected off the sample as possible, the 
entrance slit of the monochrometer was set at its maximum setting of 
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Figure 1. Experimental system utilizing monochrometer and photodetector 
to interrogate reflected light Ievels at individual wavelengths. 
5000 ~m. However, the exit slit was maintained at 500 ~m, which ensured 
an acceptable uncertainty of under 2 nm in the transmitted wavelength, 
while still allowing for significant signal strength. 
At this point the light encounters several metallic mirrors and gratings 
inside the monochrometer. These mirrors were found to provide a roughly 
uniform reflectance throughout the wavelength range of interest, similar to 
the transmission characteristic of the glass shown above. Likewise, the 
metallic gratings were assumed to perform losslessly, that is, without 
selective absorption, and provided only the required dispersive effect needed 
for the monochrometer operation. 
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Figure 2. The spectral irradiance of the Oriel 6333 Quartz Tungsten 
Halogen light source, and transmission spectrum of the BK7 glass lenses. 
1955 
On the output of the monochrometer, the light energy was converted 
into electrical energy by means of a silicon photodetector. The responsivity 
the photodiode is characterized by cutoff wavelengths at approximately 300 
and 1300 nm and a peak that is centered at roughly 800 nm. A plot of the 
spectral response is shown in Figure 3 [5]. 
The system was run without a sample to provide the curve shown in 
Figure 4. The major characteristics of the curve are its cutoff wavelengths 
and central dip just beyond 800 nm. The cutoff wavelengths result from the 
decreased photodetector sensitivity and the lens transmission window being 
terminated at these points. The central dip is attributed to the photodetector 
losing sensitivity, causing the initial decrease on the leading edge of the 
dip, followed by the light source continuing to increase in irradiance, 
momentarily causing the signallevel to increase to the pre-dip Ievel. The 
"battle" is finally lost by the light source as the photodetector's continuing 
decrease in sensitivity causes the overall output to recede towards zero. 
A number of steel coupons were obtained, some with and some without 
significant corrosion. The corroded and uncorroded samples were prepared 
in the same way before each data run was conducted. They were first 
washed with soap and water to remove any contaminate from their surface, 
and then rinsed with acetone to remove any residual grease or oil from 
their surface. The samples were chosen with respect to their degree of 
overall corrosion. They were categorized as totally corroded, totally 
uncorroded, and partially corroded. 
RESULTS 
In order to achieve the project goal of determining the spectral 
characteristics of corroded metal, it was first necessary to determine the 
spectral characteristics of uncorroded metal. This was accomplished by 
placing completely uncorroded samples into the system and scanning the 
monochrometer through the relevant wavelength range. Data were 
collected from the samples at intervals of approximately 15 nm, as well as 
at a few notable points corresponding to common light source wavelengths. 
As throughout all subsequent runs, outputs were extremely repeatable; the 
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Figure 3 The responsivity of the photodetector with respect to wavelength. 
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Figure 4 lnherent system response (no sample) with respect to wavelength. 
average of five uncorroded samples is shown as the top curve in Figure 5. 
It is clear that the curve retains the overall shape of the system response 
curve (without the sample), with cutoffregions at 300 and 1200 nm and a 
dip at roughly 800 nm. The major difference lies in the decreased signal 
magnitude, which is to be expected given that the light is reflected off a 
material with comparatively low reflectance. 
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Figure 5. Comparison of averaged data from uncorroded, partially 
corroded, and fully corroded samples. Data was repeatable to better than 
1 m V over a several month period. 
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N ext, corroded and partially corroded samples were prepared in the 
same fashion as noted above, and tested at the same wavelengths three 
times each. As evident in the averaged outputs shown in the lower two 
curves of Figure 5, the signal magnitude decreased in rough proportion to 
the degree of corrosion. Again, it is noteworthy that a sample could be 
placed in the system on any given day and provide measurements to well 
within 1 mV of any previous measurements. 
At fi.rst it appeared that other than in overall signal magnitude, which 
could vary due to reasons other than corrosion, the lower curves of Figure 5 
showed little deviation as compared to the uncorroded samples. However, 
when the curves were normalized to their highest point, generally at 
around 975 nm, it is evident that differences do exist between the curve 
shapes, as shown in Figure 6. While malring a ratio between curves (in 
either normalized or non-normalized form) yielded few usable conclusions, 
examining the vertical difference between the normalized curves of Figure 
6 consistently uneavered important spectral variations between corroded 
and uncorroded specimens. This is seen in Figure 7. 
As indicated above, the greatest differences between the spectra of 
the corroded test samples and the uncorroded control sample occurs at 
wavelengths of roughly 500, 825, and 1075 nm. These curves suggest that it 
may be possible to detect corrosion in an unknown specimen by looking for 
selective absorption at these wavelengths. Furthermore, it is interesting 
and signifi.cant that the more corroded samples absorbed more light at 
these signature peaks than did the less corroded samples. This offers the 
possibility that in addition to the presence of corrosion, the degree of 
corrosion may be deduced. That is, when examining a metallic surface, 
the first indicator of corrosion severity would be the unnormalized signal 
magnitude, as in Figure 5; a second measure could be derived from the 
amount of absorption at these wavelengths relative to a value fixed by an 
uncorroded specimen. 
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Figure 6. Normalized spectral response ofthe top and bottom curves ofthe 
previous fi.gure, corresponding to uncorroded and highly corroded samples. 
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Figure 7. Plots showing difference in relative magnitude and signature 
difference peaks respectively. 
In this analysis, one important concern was whether applying our 
experimental and signal processing procedure to a sample which was not 
corroded, but which was different from an uncorroded sample, would yield 
results different from those obtained above. In an effort to answer this 
question, data was gathered on three uncorroded samples: one which had 
been painted a dark green, one which had been severely scratched, and one 
on which dirt similar in color to the corrosion had been smeared. The 
results for the first two are seen in Figure 8, along with the corroded 
sample for comparison. What is immediately apparent is that the curves 
for the painted and scratched surfaces are entirely different and easily 
distinguished from the corroded surface. Being similar in color to the 
corroded sample, the dirt-covered specimen yielded data which, not 
surprisingly, was closer to the C()rroded data. However, it is believed that 
these curves, and their corresponding causes, could be readily separated 
if more sophisticated signal processing schemes such as fuzzy logic or 
statistical methods were employed. 
CONCLUSIONS 
Annuallosses due to corrosion of steel have been estimated at nearly 
$70 billion in the United States alone [6]. This enormous economic problem, 
coupled with an even greater concem for safety, creates an acute need for 
new methods of corrosion detection. An optimal detection system would 
detect corrosion both nondestructively and in-situ. Towards that end, this 
research investigated the spectral characteristics of corroded metal. 
Two major features were found to be indicative of the presence and 
severity of corrosion on a metal sample. The first is a decrease in overall 
signal magnitude when compared to an uncorroded sample, which was 
found to be proportional to the amount of corrosion present. In addition, the 
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Figure 8. Normalized difference curves comparing uncorroded steel with a 
painted surface and a scratched surface. 
difference between the normalized spectra of corroded versus uncorroded 
samples showed easily identifiable peaks at 500, 825, and 1075 nm. To our 
knowledge, this is the first time that these unique spectral features have 
been determined. These suggest that a scanning system using filters at 
these wavelengths and a CCD camera may some day be be useful in 
creating an optical corrosion detection scheme. 
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